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Spin-0 soliton formation in spin-Peierls systems: Charge-transfer complexes DAP-TCNQ
and DAP-DMTCNQ
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The optical and magnetic properties of the spin-Peierls system, segregated-stack charge-transfer complexes,
1,6-pyrenediaminéDAP)-tetracyanoquinodimethaf@ CNQ) and DAP-2,5-dimethyl-TCNQDMTCNQ), are
investigated to gain insight into the nonlinear excitations in the spin-Peierls system. The band filling of the
system slightly deviates from the half-filled regime and the lattice is dimerized along the chain. In the optical
reflectance spectra, a midgap band below the Hubbard band is found. By referring to the magnetic properties,
the midgap band is ascribed to a spin-0 soliton formed by a spinless domain wall between the twofold
degenerate ground states of the dimerized chain. The amplitude of dimerization is modified by the interchain
hydrogen bond[S0163-1827)05308-3

I. INTRODUCTION rupted or weakened because of neutral sites in the chain.
However, such nonlinear excitations in the spin-Peierls sys-
Solitons in the one-dimension&lD) half-filled system tem have been scarcely investigated experimentally. It is
with twofold degenerate ground states have been shown tilerefore interesting to study the nonlinear excitations in the
be indispensable for understanding the optical and magnet&pin-Peierls system.
properties as well as the transport properties of the 1D In the present study, 1,6-pyrenediamin€DAP)-
systemt The 1D system investigated so far from a viewpointtetracyanoquinodimethan@CNQ) (Ref. 4 is chosen as a
of nonlinear excitations is the Peierls system, where thenodel material to investigate nonlinear excitations in the
electron-phonon interaction is dominant in comparison withspin-Peierls system. It is a quasi-1D charge-trans{er)
the electron-electron Coulomb correlation. However, thecomplex composed of two segregated columns, DAP and
spin-Peierls system, in which the electron-electron Couloml@CNQ. The structural analysis and the transport properties
repulsion plays an essential role in the electronic propertiesuggest that the complex belongs to the Mott-Hubbard sys-
of the system, also has twofold degenerate ground states, tem, where the electron-electron Coulomb repulsion energy
and B phases schematically depicted in Figa)lfor the is dominant compared with the electron-transfer enériy.
strong limit of the electron localizationThe S=1 spin of the  addition, in the present work, the lattice of DAP-TCNQ will
localized electron aligns antiferromagnetically. The 1D lat-be shown to be dimerized along the stacking axis, leading to
tice is distorted to form the spin singlet pair because of thehe conclusion that the complex is a spin-Peierls system to-
spin-lattice interaction. gether with both the optical and magnetic properties. In
The domain walls betweeA andB phases are also ex- DAP-TCNQ the degree of charge transfer from DAP to
pected to behave as kink-type defects or solitons in the spinFCNQ is fractional and close to unity, indicating that there
Peierls system. In fact the spin-0 and spin solitons, which arare neutral sites in the 1D chain, i.e., the band filling slightly
schematically illustrated in Figs.(H) and Xc), are theoreti- deviates from the half-filled reginbehe fractional band fill-
cally shown to be relevant excitations in the spin-Peierlsng of DAP-TCNQ corresponds to the introduction of carri-
systent Furthermore the polaron configuratigfig. 1(d)] ers in the half-filled 1D chain. The carrier effect is expected
might also exist, in which the lattice dimerization is inter- to identify nonlinear excitations in the spin-Peierls system as

0163-1829/97/54)/41829)/$10.00 55 4182 © 1997 The American Physical Society



55 SPIN-O SOLITON FORMATION IN SPIN-PEIERS . . .

FIG. 1. Schematic structure of tifgearly half-filled 1D chain

(@)

spin-0
(b) soliton

spin
©  soliton

of the spin-Peierls system. The arrow indicates an electron and i
spin state. Spins align antiferromagnetically. Ovals represent th

spin singlet pair with the lattice dimerizatiof@ Two phases of the
dimerized chainsA andB phases(b) spin-0 soliton,(c) spin soli-
ton, and(d) polaron.

investigated in the Peierls systénTherefore DAP-TCNQ
provides a unique opportunity to study nonlinear excitation
in the spin-Peierls system.

In addition to these features, the hydrogen bond is forme

between the DAP and TCNQ colurfinit was found that the
interchain hydrogen-bond affects the soliton excitation in th
halogen-bridged mixed-valent metalMX) compounds,
which is the Peierls systeRf It is also interesting to inves-

tigate the effect of the interchain hydrogen bond on the spin

Peierls state.

Motivated by these expectations, we report the results o
the polarized reflectance spectrum and ESR measurementsiSt

DAP-TCNQ after summarizing the crystal structure and th
transport properties. Optical measurements are suitable

probe both the electronic and the conformational structure

of DAP-TCNQ. The polarized reflectance spectrum from th

visible to mid-IR region reveals a midgap band below the
Hubbard gap. The origin of the midgap band is discussed
with the result of the temperature dependence of ESR me

surements. Furthermore the optical and magnetic properti
of DAP-2,5-dimethyl-TCNQ(DMTCNQ) were investigated
to compare with DAP-TCNQ.
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FIG. 2. Crystal structure of DAP-TCNQ and the constitutional
formulas of DAP, TCNQ, and DMTCNQ molecules. The molecules
are stacked segregatedly along thexis (Ref. 4.

ure, belonging to the space groBpl. The lattice parameter

Is listed in Table I. The distortion along the stacking axis was
not observed. The refined anisotropic thermal parameters are
normal and the finaR values are quite reasonable with the
structure analyzed based on the uniform stacking. One of
crystallographic features of the DAP-TCNQ crystal is that
TCNQ and DAP are connected with two kinds of N—H\
Shydroggn bonds to form the hydrogen-bonded network along
e (0,31) plane; the hydrogen-bond lengths are 2.980 and
.020 A at 295 K, which are shorter than the van der Waals

eradius of a nitrogen ator(8.2 A).

One of the fundamental parameters that characterize the
electronic properties of a CT complex is the degree of charge
transfer from a donor to an acceptor molec@g i.e., band
filling in a crystalline phase. From the empirical relation be-
fween p and the bond length of the TCNQ molecule pro-
sed by Kistenmachet al,’ the charge transfer from DAP
to TCNQ is estimated as 0.96 at 295 K, suggesting that the

e‘}g)and filling slightly deviates from the half-filled regime.

Since orbitals in the columns of DAP and TCNQ over-
ap efficiently along two parallel stack axes because of the
short intermolecular distance of 3.25 A in each column, the
omplex has quasi-1D electronic properties. In fact, the elec-
6rl[ic conductivity is anisotropic. Its parallel component to the
dacking axis increases with temperature, i.e., it is semicon-

TABLE |. Lattice parameters.

DAP-TCNQ@ DAP-DMTCNQ
Il. CRYSTAL STRUCTURE AND TRANSPORT

PROPERTIES OF DAP-TCNQ a(A) 7.9311) 8.2131)
b(A) 17.3073) 18.7253)
For the sake of the later discussion, the crystal structurg(a) 3.8991) 3.5946)
and transport properties of DAP-TCNQ reported in Ref. 4, (deg 90.392) 100.826)
are briefly summarized in this section. B (deg 93.822) 90.255)
DAP and TCNQ stack in a segregated manner along the ¥ (deg 109.771) 112.162)

axis in a crystal with the uniform intermolecular distance as

shown in Fig. 2. A DAP-TCNQ crystal has a triclinic struc- @Reference 4.



4184 TARO SEKIKAWA et al. 55

ductive. The activation energy of the conductivity along the
c axis is 0.26 eV. No metal-to-insulator transitions are ob-
served between 77 and 400 K. These two results suggest that
the complex belongs to the Mott-Hubbard system, where the
electron-electron Coulomb repulsion energy is dominant
compared with the electron-transfer energy. The temperature
dependence of the thermoelectric powEEP) also suggests
that DAP-TCNQ is a semiconductor. The TEP value be-
tween 230 and 300 K is nearly independent of temperature,
while TEP of a metallic CT complex has a linear relation
with temperaturé&:®

= (1,2,0)

Intensity (arb. units)
(1,-2,0)

(1,2,0)

1.5‘ ‘2IO 25 30 35 40
lll. EXPERIMENT 20 (degree)

Single crystals of the CT complexes DAP-TCNQ and  FiG. 3. X-ray diffraction patterns of DAP-TCNQ and DAP-
DAP-DMTCNQ were prepared using the cosublimationpMTCNQ. The numbers indicate the indices of the Bragg reflec-
method. DAP and TCN@DMTCNQ) were placed on oppo- tion.
site sides of the glass tube evacuated at about I6rr. The

temperatures of DAP and TCNQ@MTCNQ) were kept i L )
around 170 and 150 °C, respectively, for approximately thregAP DMTCNQ is similar to that of DAP-TCNQ. The Bragg

reflection indices are given at the peaks in Fig. 3. Using these
days. The grown crystals of DAP-TCNQ and DAP- ~ .
DMTCNQ have the form of dark purple plates with maxi- indices, the lattice parameters of DAP-DMTCNQ are calcu-

mum sizes of about 0380.5x0.08 and 0.%0.1x0.08 mn?, lated as in Table I, indi.cating.the unit cell is sheered to some
respectively. The plate surface of the DAP-TCNQ crystal is€Xtent along the stacking axis from that of the TCNQ com-
parallel to theac plane. The powder diffraction pattern of Plex.
DAP-DMTCNQ was used to investigate the crystal structure,
because it was very difficult to obtain large enough crystals o
of DAP-DMTCNQ for x-ray structural analysis. B. Estimation of the degree of charge transfer

The Raman spectrum was measured with a Nd:YLF laser, |t is important to evaluate the degree of charge transfer in
a charge-coupled device camera, and a monochromator t§e CT complexes, since the electronic properties are sensi-
estimate the degree of charge transfer. ESR was measuredigk to p.1%1|n the case ofp=1, each of two neighboring
various temperatures between 10 and 300 K using a 2-Mmgyg|ecules already has an unpaired electron and the energy to

sample composed of many single crystals sealed in a quarlz(yate conduction involves large electron-repulsion energy.
tube with He gas with a standard ESRband spectrometer. g,y 5 complex is an insulator and is called a Mott insulator.
For the measurement of the polarized reflectance spectrum,,, p<1, an unpaired electron has the chance of finding a
mhlcrlpshcop_e W'thha Casszlagram mirror W{IJIIS uied to Condzn%utral neighboring molecule and the electron can move in
the light, since the sample was too small to be measure bﬂﬁe stack without suffering from the large Coulomb repul-
the usual method. For both the visible and near-IR regionSsion. such a complex is in a metallic state

light from a ha_logen incandescent .Iamp was focused on a The degree of charge transfer of DAP-TCNQ has been

photomul_tlpller in the V'S'bl.e region and W'th a Pt_)S cell There is an empirical linear relation between the frequency
detector in the near-IR region. For the mid-IR region, theof the Raman active €C stretching mode in TCNQ and
Fourier-transform infraredFTIR) spectrometer was used. 12 Since the frequency of the-EC stretching mode of
Light from the FTIR spectrometer was also focused on the%AP-TCNQ was 140%1 cm 'L, p is estimated to be 0.90
sample by the microscope and detected with g0tg_xTe .4 9> Taking account of the accuracy of the empirical
detector. A single crystal for the measurement of the reflecg,oq this value is almost in agreement with the result esti-
tance spectrum was mounted on a goniometer cooled by daied by x-ray structural analysis and indicates that there
cold finger tip in He gas-flow-type cryostat with Bawin- exist neutral sites in the 1D chain; namely, the band filling
dows. The temperature was measured using a AuFe-Chromglyjates from the half-filled regime. Although it is difficult
thermocouple attached close to the sample. to discuss the density of the neutral site from these experi-
mental results in detail, it is conjectured thatwould be
IV. RESULTS close to unity: If DAP-TCNQ hagp close to 0.8, it would
A X-ray diffracti f DAP-DMTCN belong to the Peierls system and be metallic at room tem-
- X-ray diffraction pattern o Q perature. It is necessary to measpifgy some other methods,
Figure 3 shows the x-ray powder diffraction patterns ofe.g., diffused x-ray scattering, to determine the value more
DAP-TCNQ and DAP-DMTCNQ. Since the structure of accurately.
DAP-TCNQ is known! the calculated diffraction profile was In the case of DAP-DMTCNQ, such a relation is not
used to determine the indices of the Bragg reflections in Figknown. However,p appears to be the same, since the fre-
3. The diffraction pattern of DAP-DMTCNQ is similar to quency of the IR-active &N stretching b, mode of
that of DAP-TCNQ, suggesting that the crystal structure o DMTCNQ—which is also sensitive tp (Ref. 13—was the
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FIG. 4. Optical reflectance spectra @ DAP-TCNQ and(b) 0.0 —toe

DAP-DMTCNQ at 40 and 297 K. Light polarization) were 00 Olfﬁot . E‘: 1\’;’ 20
parallel(Il) and perpendiculatL) to the stacking axigc axis). The o ergy (ev)
A band is the CT band. ThB band grows at low temperature.

FIG. 5. Absorption spectra ofa) DAP-TCNQ and(b) DAP-
. . . . DMTCNQ obtained by the Kramers-Kronig transformation of the
same as that of DAP-TCNQ. This estimationofs Consis-  refiectance spectra at 40 and 297 K. PhandB bands are the CT
tent with the interpretation of all the experimental results ofang midgap bands, respectively.

the present study.
electron-electron interaction in both DAP-TCNQ and DAP-

C. Reflectance spectrum DMTCNQ.
o ) A remarkable change in the reflectance spectra at low
1. Visible and near-IR regions temperatures is that th# band at 0.5 eV below the CT band

The reflectance spectra with polarizations parallel andyrows with decreasing temperature in both complexes.Brhe
perpendicular to the stacking axis axis of DAP-TCNQ  band is clearly visible in Fig. 4 at 40 K. Figureaband 5b)
and DAP-DMTCNQ at 40 and 297 K are shown in Figa)4 show the absorption spectra of DAP-TCNQ and DAP-
and 4b), respectively. The reflectance spectrum with a perDMTCNQ, respectively, at 40 and 297 K. These spectra
pendicular polarization below 0.3 eV could not be measuredvere obtained using the Kramers-Kronig transformation of
with a good signal-to-noise ratio. A strong reflectance bandhe reflectance spectra with the assumption of a constant re-
(A) between 1.2 and 0.6 eV with a polarization parallel toflectance below 0.1 eV and the * law above 4 eV, where
the ¢ axis was observed in each complex, while no promi-is the optical frequency. ThB band in the reflectance spec-
nent structures were observed with a perpendicular polarizdrum corresponds to the midgap band below the Hubbard
tion. The similarity of the reflectance spectra between thesgap. The temperature dependence of the intensities of the CT
complexes also suggests the 1D crystal structure of DAPand midgap bands of DAP-TCNQ and DAP-DMTCNQ are
DMTCNQ, which is consistent with the x-ray powder dif- estimated by integrating the band spectrum over the probed
fraction pattern.

The A band is assigned to the CT transition band, corre-

7 T T T T T

sponding to the following charge-transfer process along

the stacking axis: TCNQ+TCNQ —TCNQ’+TCNQ?~ w SF R

(DMTCNQ™ + DMTCNQ ™ — DMTCNQ® + DMTCNQ?") T 5l 7<> o—o7 1

and DAP"+DAP" —DAP°+DAP?"; the energy required > ° CT band
.. . o] L 4

for the CT transition approximately corresponds to the on- = 4 O DAP-TCNQ

site electron Coulomb repulsion energy)( The value ofU > 3} © DAP-DMTCNQ _

has been estimated to be about 1.1 eV in the TCNQ column S _

from the peak energy of the CT band of potassium salt of S 2l 5 o ';"d'gap band 1

TCNQ (K-TCNQ), which is a half-filled systen"'’ The Ep oo T T

peak energy of thé band is close to the CT transition en- 0 . . ?\?\9\5

ergy. On the other hand) of DAP is not known. However, 0 50 100 150 200 250 300

since only one reflectance structure was observed at room Temperature (K)

temperature, thé& of the DAP column is considered to be
close to that of the TCNQ column. The observation of the FIG. 6. Temperature dependence of the intensities of the CT and
CT band indicates that the Hubbard gap is opened due to theidgap transitions. The solid lines are to guide the eye.



4186 TARO SEKIKAWA et al. 55

TABLE Il. (a) Frequencieﬁcm*l) of the activatediy modes of

Wave Number (cm™") TCNQ and DMTCNQ.(b) Frequenciescm™) of the IR activated
1000 1200 1400 1600 1800 2000 2200 ay modes of DAP.
W (@DAP-TONQ
075 Ellc 40K Frequency in K-
Sample Molecule  Frequency TCN@
0.50] N
DAP-TCNQ TCNQ 2167 2175
0.25 1579 1571
0.0 1525 1508
° 297 K 1368 1365
© 025 N 1341 1330
2 0o 1298 1320
o .
2 (b) DAP-DMTCNQ 1164 1174
® 0.75- 4
o Elic 40K DAP-DMTCNQ  DMTCNQ 2168
0.501- ':) 0O . 1586
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0.25 ° oO. o) | 1574
1529
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1492 1491
FIG. 7. Reflectance spectra ¢f) DAP-TCNQ and(b) DAP- 1441 1439
DMTCNQ at 40 and 297 K in the mid-IR region with a polarization 1278 1275
parallel to the stacking axi¢Elc). (a) Open circles and closed 1214 1212
circles represent the activategg modes of TCNQ and DAP, re- 1137 1140
spectively. (b) Open circles and closed circles represent the 1121 1126
modes of DMTCNQ and DAP, respectively. 970 968

photon energy numerically and are shown in Fig. 6. The'Reference 11.
intensity of the midgap band of DAP-DMTCNQ was smaller
than that of D_AP-TC_NQ at every temperature. The origin Of(EIIc) at 40 and 297 K are shown in Figs(ay and 1b),
the B band will be discussed in Sec. V B. respectively. The strong activation of tag modes is clearly
2. Mid-IR region seen from the figures, indicating the lattice distortion along
: the stacking axis at low temperatures. Since DAP-TCNQ is a
The wide spectral range reflectance spectra enables us tomplex of DAP and TCNQ, the activated modes can be
obtain information not only on the electronic structure butattributed to the component molecules. The frequencies of
also on the conformational structure. In particular, the IRthe activateca; modes of the TCNQ molecule in K-TCNQ
activation of the intramolecula,-mode vibration due to the have been determined as shown in Tablé&* ISince p of
electron-intramolecular vibratiotemy) coupling is a sensi- DAP-TCNQ is close to 1, thay; modes of the TCNQ mol-
tive probe for the conformational changes of the 1D CTecule are expected to be almost the same as those of
complexes®-2°Considerable efforts have been made on theK-TCNQ. Hence the activated modes of DAP-TCNQ can be
studies of specific totally symmetric intramolecular vibra- assigned as shown in Fig(dj, with open circles for the
tions in various segregated-stack crystaté?1~2” and TCNQ molecule and closed circles for the DAP molecule.
mixed-stack crystal$®~*°The induced dipole moment of the The frequencies of the, modes of TCNQ and DAP are
aq mode is parallel to the stacking axis and its magnituddisted in Tables Ifa) and Ii(b), respectively. In the case of
strongly depends on the amplitude of the emv coupling anddAP-DMTCNQ, the observed activation of the symmetric
on the difference in the intradimer and interdimer electron-modes is shown in Fig.(B), indicating the lattice distortion.
transfer interactions, which is supposed to be nearly proporSince thea, modes of the DAP molecule are identified,
tional to the dimeric molecular displacement in the case othose of the DMTCNQ molecule can be assigned as shown
weak dimerizatiort! The activation of thea, mode, with a  in Fig. 7(b) (open circles for DMTCNQ and closed circles
polarization parallel to the stacking axis, is direct evidence ofor DAP). The frequencies of them are listed in Tables)ll
the lattice distortion. and li(b), respectively. It is noteworthy that both the DAP
For the purpose of detecting the lattice distortion, the poand TCNQ(DMTCNQ) columns have been already dimer-
larized reflectance spectra of DAP-TCNQ and DAP-ized even at 297 K, which is shown by the observation of the
DMTCNQ were measured at various temperatures in th@y modes at 297 K.
mid-IR region. The spectra of DAP-TCNQ and DAP-  Figure 8 shows the temperature dependence of the inten-
DMTCNQ with a polarization parallel to the stacking axis sities (S) of theay modes, whose frequencies are 2167 ¢tm
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spectively. Open circles and squares represent the modes of 21HMTCNQ.

cm ! of DMTCNQ and 1212 cm! of DAP in DAP-DMTCNQ,
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Wave Number (cm™')

FIG. 9. Absorption spectra of the N-H stretching vibrations
rtical lineg of DAP molecules, DAP-TCNQ, and DAP-

of the DAP molecules, DAP-TCNQ and DAP-DMTCNQ,

were 3194, 3185, and 3165 ¢t respectively, indicated by

of TCNQ and 1214 cm' of DAP in DAP-TCNQ and 2168
cm ! of DMTCNQ and 1212 cm' of DAP in DAP-
DMTCNQ. The intensity of the mod8 is defined by assum-

the vertical lines in Fig. 9. The strength of the hydrogen bond
in DAP-DMTCNQ is stronger than that in DAP-TCNQ, be-
cause the frequency shift in DAP-DMTCNQ, 29 chis

ing the following complex dielectric constant as a function oflarger than that of DAP-TCNQ, 9 cm. However, the hy-

the frequencyw:

drogen bond does not appear to be strong enough to order the

dimerization phase two dimensionally, because the fre-
quency shift in the present system is much smaller than that
of the M X compound, 430 ¢3! in which the phase of the
charge density wave is correlated two dimensionafiythe
wherewy is the resonance frequency alids the width of an  relatively small frequency shifts in the present CT complexes
aq mode, e, is a constant value contributed by the back-are consistent with no interchain correlation of the dimeriza-
ground polarization. The value & is estimated by fitting tion phase suggested by x-ray structural anafysis.

the reflectance spectrum by the least-square method to the

reflectanceR(w) defined as

2
Swo

> 1
wcz)—wz—lfw @

e(w)=¢g,+

D. Spin susceptibility

B 1+|e|—V2(le|+ &)

In order to obtain information on the spin states of DAP-

R(w) 2

1+e|+V2(le|+ep)
whereg, is the real part of(w). The estimated values &fof
TCNQ, for example, are 0.059 and 0.026 and those of
DMTCNQ are 0.026 and 0.019 at 40 and 296 K, respec-
tively. BecauseS increases with decreasing temperature as
shown in Fig. 8, the amplitudes of lattice distortions of both
the DAP and TCNQor DMTCNQ) columns are enhanced
along the stacking axis at lower temperature. In addition,
Fig. 8 shows that the amplitude of distortion in the DAP-
TCNQ column is always larger than that in DAP-DMTCNQ
in the range of the experimental temperature.

Other important information is obtained from the IR spec-
troscopy. The strength of the hydrogen bond can be com-
pared between the DAP-TCNQ and DAP-DMTCNQ from
the frequency shift of the N-H stretching mode of the DAP in
the complexes. Figure 9 shows the IR absorption spectra of
DAP molecules, DAP-TCNQ, and DAP-DMTCNQ. Two ab-
sorption bands were observed in each complex around 3330
and 3180 crm! and they are assigned to the N-H stretching
modes. Since the structural analysis indicates that two differ-
ent hydrogen bonds in length are formed between the DAP
and TCNQ columr, two N-H stretching modes are ex-
pected. Thus the mode observed around 3180%ds con-
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TCNQ and DAP-DMTCNQ, the temperature dependence of
ESR was measured. Figure(dDshows the temperature de-

sidered to be shifted to lower frequency due to the hydrogen FIG. 10. Temperature dependence of the spin susceptibijities
bond. The frequencies of the shifted N-H stretching modesf (a) DAP-TCNQ and(b) DAP-DMTCNQ.
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pendence of the spin susceptibility of DAP-TCNQ. It de- The experimental resufii ) indicates the lattice distortion
creases to 1010 ° emu/mol with temperature from 300 to along the stacking axi& axis) as mentioned in Sec. IV C.
100 K and then rapidly increases at lower temperatures. ThErom the resultsiiii) and(iv), the rapid decrease in the spin
latter dependence follows the Curie law. Similar temperaturesusceptibility in accord with the activation of tleg; mode
dependence was observed in the case of DAP-DMTCNQ asetween 150 and 200 K is interpreted as the decrease in the
shown in Fig. 10b). The residual spin densities below 100 K spin-triplet state thermally populated and the formation of
of DAP-TCNQ and DAP-DMTCNQ are estimated to be the spin-singlet pair with the lattice dimerization. Conse-
9.2x10 % and 3.7 10 2 per one site, respectively, using the quently, from these four experimental results, DAP-TCNQ is
Curie law. The Curie contribution could arise from either identified as the spin-Peierls system.
interruptions in the stacks or spins localized by impurities. The transition temperature to the spin-Peierls state would
The spin density of DAP-DMTCNQ below 100 K was larger be above 297 K, since the lattice has already been dimerized
than that of DAP-TCNQ. This is probably due to the poorerat 297 K taking account of the activation of thg modes at
quality of the sample, since the sample crystals of DAP-297 K. Even after the phase transition, the amplitude of the
DMTCNQ grown were much smaller than that of DAP- dimerization becomes larger with a decrease in temperature
TCNQ. suggested from the temperature dependence af fimeodes.
Therefore the spin gap becomes larger with decreasing in
temperature, which was also observed in K-TCRQhe
A. DAP-TCNQ and DAP-DMTCNQ rapid decrease in the spin susceptibility from 300 to 100 K is
as the spin-Peierls systems not only due to the decrease in the thermally populated trip-
Htgt state but is also due to the larger spin gap with tempera-
ure.

V. DISCUSSION

The essential difference between the spin-Peierls and t
Peierls system in the half-filled state is the ratiolbto the
electron-transfer energy)(, resulting in the different optical,
magnetic, and transport propertfeShe material of the spin-
Peierls system is an insulator and the magnetic susceptibili

Generally the transition temperature of the typical spin-
Peierls system is much lower than room temperature. How-
{gver, that of DAP-TCNQ is much higher than the typical
reduces to zero as a function of temperature with |attice§ran§ition temperature. This is considered to be due'to the
dimerization. relatively larger _electron-transfer energy compared Wlt_h the

Coulomb-repulsion energy. In that sense DAP-TCNQ is the

The following four experimental results suggest that. i diat bet th lar Peierl : d1th
DAP-TCNQ belongs to the spin-Peierls system, even thouqu ermeadiate case between the regular Feleris system and the

the band filling deviates from the half-filled regim@ The  SPin-Peierls system. However, the gap energy is determined

temperature dependence of the electric conductivity alon ot by the lattice Qistortiqr) bqt by the e_Iectrqn correlatior].
the stacking axis does not show metal-to-insulator transition hus DAP-TCNQ is classified into the spin-Peierls system in

. . . t paper.
between about 150 and 400 K and is always semiconductin € present
with the activation energy 0.26 e¥/(ii) The reflectance The obtained crystals of DAP-DMTCNQ were too small

spectrum along the stacking axis shows the large reflectanff%r th? measurement of the temperature depende_nce of the
due to the CT transition with a peak around 0.8 ¢WMig. electric conductivity. However, th? ot_her properties were
4(a)]. (i) The a;j modes of intramolecular vibrations are i'mk')larHtO DAFI;XIDCIB%TaéNShQWHIm Flgs.(?), 7éb1' %ndth
activated with the polarization parallel to theaxis in the IR O(b). Hence - Q is also considered to be the

reflectance spectrum as shown in Figa)7 although thea, spin-Peierls system.
modes should be IR inactive in the uniform sta@k) The
spin susceptibility rapidly decreases to less thanlQ °
emu/mol with temperature from 300 to 100 K as shown in In the absorption spectra of DAP-TCNQ and DAP-
Fig. 10a). DMTCNQ, theB bands appear below the CT bands with a
The experimental resuli$) and (ii) can be explained by decrease in temperature as shown in Fig. 4 at 40 K. On the
the following two mechanisms. One is that the Peierls tranother hand, no new bands appear when the light polarization
sition has already taken place even at 400 K and hence this perpendicular to the stacking axis. The anisotropy of the
observed energy gap is the Peierls gap. The other is thatidgap band indicates that the midgap band is related to the
DAP-TCNQ is a Mott insulator and the energy gap corre-1D excitation along the stacking axis.
sponds to the Hubbard gap. However, the first mechanism is The carrier effect on the optical spectrum of the spin-
ruled out for the following reason: If the DAP-TCNQ is the Peierls system is still an experimentally unresolved problem.
Peierls system with the large gap energy 0.8 eV, the lattic&he investigation of the optical properties of DAP-TCNQ
should be distorted largely enough to be observed by thand DAP-DMTCNQ is expected to reveal nonlinear excita-
x-ray structural analysis in order to open the large energyions in the spin-Peierls system. The difference between
gap. However, the lattice distortion was small and was deDAP-TCNQ and K-TCNQ, although both complexes are
tected only by the IR spectroscopy, which is the sensitivadentified as spin-Peierls systerits3* is the degree of
probe into the lattice distortioH. In addition to that, the charge transfer: K-TCNQ is the half-filled system, while the
Peierls gaps observed so far are less than 0.5 eV, which tsand filling of DAP-TCNQ deviates from the half-filled re-
smaller than that of the present syst#h®n the other hand, gime. Thus the origin of the midgap band appears to be
the gap energy is consistent with those of the CT bands imeutral sites in the 1D chain, since no midgap bands have
K-TCNQ and Rb-TCNQ, in which the CT bands were ob- been observed in K-TCNQ at low temperattite'’
served even above the temperature of the phase transition. The presence of the neutral sites is expected to lead to the
Thus DAP-TCNQ is considered to be a Mott insulator. new transition band corresponding to the electron transfer

B. Midgap state in the spin-Peierls system
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from the second nearest to the nearest neighbor of the neutral
site in the extended Hubbard mod@lwhich includes the

Coulomb repulsion energy between the nearest-neighbor

g
=3

—_
(53]
T

S i
sites (V). The transition energy is smaller than the CT tran- £ DAP;‘DJ’;;?:Q
sition energy byV. In the case of TCNQ columng/ is g 10- j
estimated to be about 0.3 é¥® The observed transition o 40000
energy of the midgap band was smaller than that of the CT L 05k o° |
band by 0.2 eV, which is almost consistent with the expec- z . MAP-TCNQ
tation. R 00| gogroedboseacd”  AZ1200K

In the spin-Peierls system with twofold degenerate ground 0 50 100 150 200 250 300

states, nonlinear elementary excitations such as the polaron, Temperature (K)

SP'” soliton, and spin-0 soliton, are expected as shown in FIG. 11. Activation of the spin susceptibilitiggsof DAP-TCNQ
Fig. 1. In the case of DAP-TCNQ, the presence of the neutra(lOpen circles and DAP-DMTCNQ(open squarésafter subtracting
site leads to the formation of the midgap state as describeghe Curie contribution. The solid lines represent the fitting results of
above. Taking account of the lattice dimerization, the mid-the data to Eq(2). A is the spin-excitation energy.
gap band is considered to originate from the polaron or
spin-0 soliton. The polaron state is, however, excluded by Finally we will explain the activation of the midgap band
comparing the oscillator strength of the midgap band withdue to the lattice dimerization from the viewpoint of the
the remaining spin density below 100 K as follows: The totalHubbard model as follows: In the dimer with two electrons,
absorption intensity of the midgap band is about 30% of thathe oscillator strength of the electron transfer is proportional
of the CT band at 40 K as shown in Fig. 6. On the other hando ta®,*® wherea is the lattice constant. Sincds the overlap
the density of the remaining spin of DAP-TCNQ below 100 integral of therr orbijtals, it is expected to be proportional to
K is 9.2x10 4 per one site, estimated from the Curie contri-2 - Hence the oscillator strength and its change by the lat-
bution to the temperature dependence of the spin susceptibfice distortion are proportional ta ~ and —a"“da, where
ity. If the midgap state is related to an excitation with a spin,o2 IS the lattice distortion. Since the midgap transition cor-
: gespond; to the |ntr§1d|mer transition, the oscillator s_trength
to be 330 times larger than that of the CT band to explain thé).f the' mujgap state is enhanced with th? larger amplitude of
intensity of the midgap band: this factor is unreasonablyd'mer'zat'on' On the other hand the_ oscillator stren_gth of_the
large. Consequently the midgap band is considered to origigT bf’i.nd does not change _much, since that of the m_terdlmer
. . - ; ) transition decreases with dimerization at the same time.
nate from the spin-0 soliton, which is a spinless domain wall
between theA and B phase[Fig. 1(c)] In the case of the o
midgap band of DAP-DMTCNQ, it is impossible to distin- C. DMTCNQ substitution effects
guish between the spin-0 soliton and the polaron by the spin From the temperature dependence of the reflectance spec-
density. However, it is considered that the midgap band isrum, the midgap absorption of DAP-DMTCNQ was found
also due to the spin-0 soliton, since the experimental result® be smaller than that of DAP-TCNQ at the same tempera-
observed in the present study were very similar to those ofure, although the intensity of the CT band was almost the
DAP-TCNQ. same as shown in Fig. 6. As discussed previously, the inten-
A different assignment of thé and B bands may be sity of the midgap band becomes larger with the larger am-
possible; theA andB bands correspond to the CT transitions plitude of the dimerization. Thus the lattice distortion in
in the TCNQ and DAP columns, respectively, because of th© AP-DMTCNQ is considered to be smaller than that in
different on-site Coulomb repulsion energy. However, thisDAP-TCNQ at the same temperature. The difference in the
assignment appears to be inconsistent with the following examplitude of the dimerization between DAP-TCNQ and
perimental result: Only the intensity of th&band increases DAP-DMTCNQ is consistent with the results of IR spectros-
with decreasing temperature, while theband was almost copy, where the intensities of tleg; modes activated due to
constant, as shown in Fig. 6. Since the temperature depethe dimerization are larger in DAP-TCNQ than those in
dence of the intensity of thB band was similar to that of the DAP-DMTCNQ as shown in Fig. 8.
a4 modes shown in Fig. 8, it is considered that Biéand The magnetic property also shows the substitution effect.
grows with lattice dimerization. On the other hand, the DAPFigure 11 shows the activation of the spin susceptibility with
and TCNQ columns dimerize simultaneously, shown by théemperature, which is obtained by subtracting the Curie com-
activation of thea, modes. If theA andB bands originate ponent from the temperature dependence of the spin suscep-
from the different stacks, botA andB bands should show tibility. Since DAP-TCNQ and DAP-DMTCNQ are spin-
similar temperature dependence in accordance with the laReierls systems, the spin-triplet state is formed by the
tice dimerization. Therefore it is concluded that Beband  thermal excitation beyond the magnetic gap. The activation
does not originate only from the DAP columns. energies of the magnetic susceptibilities of DAP-TCNQ and
In the present system, the electron transfer from the occlpAP-DMTCNQ below 200 K are estimated to be 1200 K
pied to the neutral site is expected to occur with the excita{100 me\} and 790 K(68 me\), respectively. These ener-
tion energy, which may depend on the electron-lattice intergies were obtained from the temperature dependence of the
action. However, such a band was not observed in thepin susceptibilityy using the following expression:
reflectance spectrum above 0.1 eV. The transition energy of
the band might be less than 0.1 eV. x=(C/T)exp(—A/T), 3
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whereA is the activation energyl is temperature, an@ is  sult in a stronger intermolecular repulsive interaction in the
a constant’ The fitting results are shown in Fig. 11 by the stack. Thus the same lattice distortion costs more elastic en-
solid line. The smaller magnetic activation energy of DAP-ergy in the DMTCNQ column than in the TCNQ column,
DMTCNQ indicates the smaller lattice distortion by which also makes the dimerization small. These two corre-
DMTCNQ substitution. Since the activation energy is pro-spond to the spin-lattice interaction becoming weaker by the
portional to (fa)?® in the spin-Peierls systeffi,the esti-  substitution, indicating that the hydrogen bond is useful in
mated dimerization amplitude in DAP-TCNQ is 1.9 times modifying the electronic state of the spin-Peierls system.
larger than that in DAP—.DI\/_ITCNQ. . VI. CONCLUSIONS

In this way the substitution effects are attributable to the
smaller lattice dimerization in DAP-DMTCNQ, which may =~ We have investigated the midgap state in the 1D spin-
be explained by the following: Firstly, it is found that the Peierls system, DAP-TCNQ and DAP-DMTCNQ. The band
strength of the hydrogen bond formed between the DAP anélling of the system slightly deviates from the half-filled
DMTCNQ column is stronger than that of DAP-TCNQ, al- regime, corresponding to the carrier injection. In the absorp-
though it is not strong enough to lock the phase of dimerization spectrum, a midgap band, which is absent in the com-
tion as in the case of thi@ X compounds:® This was shown pletely half-filled system, was found below the Hubbard gap.
by the larger frequency shift of the N-H stretching mode of The midgap band is attributed to the spin-0 soliton, which is
the DAP molecule as described in Sec. IV C 2. The strongethe neutral domain wall of the dimerized chains, taking ac-
hydrogen bond is expected to decrease the amplitude of theount of the magnetic property. The amplitude of the lattice
lattice distortion, which costs more elastic energy owing todimerization may be modified by the interchain hydrogen
the stronger interchain interaction, resulting in the largemond.
modulus of elasticity along the stacking axis. This leads to
the smaller dimerization in the spin-Peierls state. Secondly in
the DMTCNQ column, the methyl group sticks out of the
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